IMPORTANCE Examinations for retinopathy of prematurity (ROP) are typically performed using binocular indirect ophthalmoscopy. Telemedicine studies have traditionally assessed the accuracy of telemedicine compared with ophthalmoscopy as a criterion standard. However, it is not known whether ophthalmoscopy is truly more accurate than telemedicine.
R etinopathy of prematurity (ROP) is a leading cause of childhood blindness worldwide, [1] [2] [3] [4] and its effect on public health continues to grow as advances in perinatal medicine allow for improved survival of premature infants. [5] [6] [7] Retinopathy of prematurity is amenable to screening interventions, as it is detectable before it causes loss of vision and prompt recognition and treatment can delay or reverse adverse outcomes. [8] [9] [10] [11] As a result, the American Academy of Pediatrics, American Academy of Ophthalmology, American Association for Pediatric Ophthalmology and Strabismus, and American Association of Certified Orthoptists have issued a joint policy statement detailing guidelines for ROP screening. 12 The consensus statement specifies that all infants who meet the screening criteria should undergo dilated retinal examination using binocular indirect ophthalmoscopy. Unfortunately, a lack of access to trained ophthalmologists with experience diagnosing ROP via ophthalmoscopy prevents many premature infants from receiving adequate screening, both in developed and underdeveloped countries. [13] [14] [15] [16] [17] Telemedical screening via remote review of dilated ophthalmoscopic images has been proposed as a substitute for ophthalmoscopy to address this gap, and the use of telemedicine as a substitute for bedside ophthalmoscopy in real-world diagnosis of ROP is increasing.
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Prior studies have demonstrated that telemedicine is highly accurate in identifying clinically significant (type 2 or worse) ROP. [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] These studies have established the accuracy of telemedicine as a screening tool using ophthalmoscopy as the reference standard. However, prior work has suggested that there may be significant variability in ROP categorization via ophthalmoscopy, even among experts who are highly experienced in the disease. 32 Furthermore, numerous studies have suggested that critical aspects of ROP diagnosis, such as identification of plus disease and zone I disease, have significant variability among different experts. [33] [34] [35] [36] [37] [38] [39] By definition, a criterion standard must have complete accuracy and consensus. 40 This definition raises questions about the design of prior studies that examined the accuracy of telemedicine for ROP examination. To our knowledge, little published literature has directly compared the accuracy of ophthalmoscopy with that of telemedicine for ROP diagnosis, without assuming that ophthalmoscopy is the criterion standard. 31, 35 This fact is important not only to better understand the accuracy of ROP diagnosis but also to improve the design of future studies involving emerging diagnostic technologies across other ophthalmic diseases. The purpose of this study is to directly compare the accuracy of ophthalmoscopy with that of telemedicine for ROP diagnosis in a large data set. To our knowledge, this is the first study to have examined this question in patients with ROP. This comparison is done by developing a consensus reference standard diagnosis (RSD) and by comparing both telemedicine and ophthalmoscopy with this new reference standard to determine the relative accuracy and sensitivity of each for diagnosing ROP.
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Methods
Study Population
The study was conducted as part of the multicenter prospective Imaging and Informatics in ROP study. All data were collected prospectively from 7 participating institutions: Oregon Health & Science University, Weill Cornell Medical College, University of Miami, Columbia University Medical Center, Children's Hospital Los Angeles, Cedars-Sinai Medical Center, and Asociación para Evitar la Ceguera en México. Inclusion criteria were infants who were either admitted to a participating neonatal intensive care unit or were transferred to a participating center for specialized ophthalmic care between July 1, 2011, and November 30, 2014; met published criteria for a screening examination for ROP; and had parents who provided written informed consent for data collection. Images were deidentified for analysis and were labeled only with birth weight, gestational age, and postmenstrual age at the time of examination. This study was conducted in accordance with Health Insurance Portability and Accountability Act guidelines; prospectively obtained institutional review board approval from Oregon Health & Science University, Weill Cornell Medical College, University of Miami, Columbia University Medical Center, Children's Hospital Los Angeles, CedarsSinai Medical Center, and Asociación para Evitar la Ceguera en México; and adhered to the tenets of the Declaration of Helsinki.
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Clinical Grading and Image Acquisition
In accordance with current guidelines for ROP screening at each institution, all infants underwent serial dilated ophthalmoscopic examinations by a participating ophthalmologist (R.V.P.C. and M.F.C. 
Key Points
Question Is ophthalmoscopy or telemedicine more accurate in diagnosing clinically significant retinopathy of prematurity (ROP) when compared with a reference standard diagnosis?
Findings In this multicenter study, each method was slightly more accurate for different components of retinopathy of prematurity (zone, stage, and plus disease), but there was no statistically significant difference in their ability to detect clinically significant retinopathy of prematurity. Both methods demonstrate high interexaminer variability.
Meaning Telemedicine is as effective as ophthalmoscopy in identifying clinically significant retinopathy of prematurity, but both methods demonstrate high interexaminer variability; future studies should use a consensus reference rather than ophthalmoscopy as the criterion standard.
plus disease). Examinations were performed by experienced, board-certified ophthalmologists (R.V.P.C. and M.F.C.) who had undergone specialty training in either pediatric ophthalmology or vitreoretinal surgery, and all were either principal investigators or certified investigators in the ETROP study or had published more than 10 peer-reviewed articles on ROP.
Retinal images were captured by an ophthalmologist or trained photographer after the clinical examination using a wide-angle camera (RetCam; Clarity Medical Systems). Deidentified clinical and image data were uploaded to a secure web-based database system developed by us. Cases with clinical diagnoses of stage 4 or 5 ROP were excluded to focus on identification of the onset of clinically significant disease. For analysis of the diagnostic accuracy of ophthalmoscopy, owing to small numbers we excluded 2 participating examiners with less than 50 examinations. Thus, the accuracy of ophthalmoscopy was evaluated for 5 participating clinicians.
Telemedical Image Reading
Three experts independently conducted remote, dilated ophthalmoscopic image review and interpretation of all images via a secure socket layer-encrypted web-based module developed by us. Two of the three experts (R.V.P.C. and M.F.C.) had more than 10 years of clinical ROP experience and more than 50 ROP-related publications. The third expert (S.O.) was a nonphysician ROP study coordinator who had previously helped validate a published computer-based ROP severity scale with very high accuracy and intraexpert reliability. 45 Images were graded according to the same criteria as ophthalmoscopic examinations.
Development and Rationale for Reference Standards
The overall RSD was developed by integration of the telemedicine diagnoses of all 3 image readers with the ophthalmoscopic diagnosis of the examining ophthalmologist using previously published methods. 46 In cases of discrepancy between image-based and clinical diagnoses, the 3 image readers and a moderator (K.J.) reviewed all medical records to reach a consensus for the overall reference standard. If no consensus could be obtained owing to lack of confirmatory information in photographs (such as ophthalmoscopic diagnosis of zone 3 not clearly seen in photographs), preference was given to the ophthalmoscopic diagnosis. The rationale for this reference standard is that a more accurate diagnosis may be possible by combining ophthalmoscopic and telemedicine findings, and that such a standard may be feasible and applicable in rigorous clinical research settings. Previous work has shown that this approach for developing an RSD can provide higher accuracy and intergrader agreement than either telemedicine or ophthalmoscopy alone.
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Statistical Analysis
We compared ophthalmoscopic and telemedicine diagnoses against the RSD as the criterion standard for each ordinal subcategory of zone (I-III), stage (0-3), plus (none, preplus, or plus), and overall disease category (no ROP, mild ROP, type 2 ROP, or type 1 ROP). This agreement was also calculated for clinically significant binary classifications of zone (zone I vs not), The distribution of examination findings and disease severity for both telemedicine and ophthalmoscopy is described in Table 1 . The RSD identified the presence of ROP in 913 examinations (58.8%); this included mild ROP in 512 examinations (33.0%), type 2 or preplus disease in 313 examinations (20.2%), and type 1 ROP in 88 examinations (5.7%). All telemedicine graders appeared to identify preplus disease more frequently than ophthalmoscopic examiners. In addition, zone III disease was more frequently diagnosed by ophthalmoscopy than telemedicine. Table 2 describes the accuracy of individual telemedicine graders and ophthalmoscopic examiners compared with the RSD for each ordinal subcategory of zone, stage, plus disease, and overall disease category. There was statistically significant intergrader variability in diagnostic accuracy, regardless of examination method (Figure) . This variability among graders was statistically significant for all categories of examination findings and disease classification except for zone among telemedicine graders. As a group, examiners using telemedicine were slightly more accurate than those using ophthalmoscopy in identifying normal vs preplus vs plus disease (92% vs 88%; P < .001) compared with the RSD. However, ophthalmoscopy was more accurate in identifying zone (91% 
Discussion
This study analyzed the accuracy and sensitivity of telemedicine grading of dilated fundus imaging vs binocular indirect ophthalmoscopy for ROP examination, compared with a consensus reference diagnosis. Key findings were: (1) there was no statistically significant difference in the sensitivity of ophthalmoscopy vs telemedicine to detect clinically significant (type 2 or worse) ROP; (2) ophthalmoscopy had slightly higher accuracy than telemedicine for detecting zone III and stage 3 ROP; and (3) there was statistically significant interobserver variability in the accuracy of ROP classification, regardless of examination method. In this study, both examination methods had greater accuracy and sensitivity relative to the other for particular aspects of the ROP examination. Specifically, ophthalmoscopy was slightly more accurate in identifying zone, stage, and category of ROP. With respect to disease stage in particular, on average, ophthalmoscopy had greater accuracy for identifying stage 3 disease. It may be that the stereopsis afforded by ophthalmoscopic examination allows better visualization of the 3-dimensional nature of fibrovascular proliferation into the vitreous that occurs in this stage. However, image grader 3 demonstrated comparable accuracy using telemedicine. Image grader 3 is a nonophthalmologist who has been trained exclusively on fundus images, which suggests that there may be nonstereoscopic cues in the images that a trained grader can use to achieve similar accuracy. In addition, ophthalmoscopy was much more accurate for detecting zone III disease in this study. In fact, telemedicine graders almost never identified zone III disease, which is likely owing to the inability to visualize the far temporal retina via wide-field fundus photography in infants. This finding indicates that in some cases ophthalmoscopy may be required to detect pathologic characteristics, although in the absence of plus disease, zone III disease is unlikely to be clinically significant. 9 There was no difference in sensitivity between ophthalmoscopy and telemedicine for detecting type 2 or worse ROP, which would typically require referral to an ophthalmologist. This finding is consistent with similar studies in which ophthalmoscopy was used as the criterion standard for telemedicine comparison.
22-31 Based on these findings, the abovementioned differences between ophthalmoscopy and telemedicine should not preclude implementation of screening programs using telemedicine in situations in which ophthalmoscopy is not readily available, particularly considering the unmet need for screening of at-risk infants.
As in this study, others have previously reported on the marked intergrader variability in diagnosing plus disease, even among highly experienced readers.
33-36 Diagnosis of plus disease is based on interpretation of venous dilation and arteriolar tortuosity. These are both continuous variables, which are then transformed into a categorical outcome (no plus disease, preplus disease, or plus disease) based on comparison with a single reference standard photograph. 10 This makes diagnosis of plus disease inherently subjective. 47 Furthermore, it has been shown that in classifying plus disease, examiners focus on different pathologic features and have different interpretations of the same features. 37 Consideration of plus disease as a spectrum of disease and quantification using a continuous scoring system rather than a categorical outcome may allow for more accurate diagnosis in the future. 38 Limiting the subjective component of diagnosis of plus disease using computer-based image assessment may also allow greater diagnostic uniformity. 48 Several computer-based image assessment tools have shown efficacy in diagnosing plus disease in ROP. [49] [50] [51] We suggest that future validation of these computerized image assessment programs should use a consensus reference diagnosis as the criterion standard comparison to establish validity.
Limitations
This study has several limitations. Remote image interpretation was performed by only 3 image readers, which may limit generalizability. However, this group was composed of 2 ophthalmologist experts in ROP and 1 nonophthalmologist trained to recognize features of ROP. In some cases, the tele- Research Original Investigation Diagnostic Accuracy of Ophthalmoscopy vs Telemedicine in Examinations for ROP medicine grader and ophthalmoscopic examiner for an examination were the same ophthalmologist. To minimize recall bias, images were generally reviewed several months after acquisition and no patient data, except demographic information such as gestational age, postmenstrual age, and birth weight, were visible during image reading. Because the total of 1553 examinations includes serial assessments of the same infant and the 2 eyes of each infant were regarded as separate study participants, these observations are not truly independent and there was no statistical adjustment to account for this. However, all identifying data were removed and each eye was separately assessed on telemedical review, which should not bias the results to favor ophthalmoscopy or telemedicine preferentially. Finally, a single ophthalmoscopic examination by an expert was performed for each participant. Therefore, the reference standard was based on only 1 ophthalmoscopic examination combined with 3 telemedicine examinations, and the accuracy and reliability of
Figure. Examples of Errors in Ophthalmoscopic vs Telemedicine Diagnoses in Retinopathy of Prematurity (ROP) Examination
ophthalmoscopic examination is difficult to analyze in this study. Ophthalmoscopic examination has long been considered the criterion standard for ROP diagnosis, and we did not think there was any practical way for infants to undergo multiple masked sequential ophthalmoscopic examinations for this study because of concerns about infant safety.
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Conclusions
Overall, this study demonstrates that binocular indirect ophthalmoscopy and telemedicine using remote review of dilated ophthalmoscopic imaging possess similar sensitivity for detecting type 2 or worse ROP, and that both are limited by interobserver variability. Future investigations of screening and diagnostic modalities in ROP should use a consensus reference diagnosis as the criterion standard to improve validity.
